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3URPRWLQJ+\GURJHQ3URGXFWLRQDQG0LQLPL]LQJ&DWDO\VW'HDFWLYDWLRQIURPWKH3\URO\VLV
&DWDO\WLF6WHDP5HIRUPLQJRI%LRPDVVRQQDQRVL]HG1L=Q$O2[&DWDO\VWV 
/LVKD'RQJD&KXQIHL:XE+XDMXDQ/LQJD-HIIUH\6KLD3DXO7:LOOLDPVF-XQ+XDQJD 
D/DERUDWRU\IRU&DWDO\VLV(QJLQHHULQJ6FKRRORI&KHPLFDODQG%LRPROHFXODU(QJLQHHULQJ7KH
8QLYHUVLW\RI6\GQH\16:$XVWUDOLD 
7HO(PDLOMXQKXDQJ#V\GQH\HGXDX 
E6FKRRORI(QJLQHHULQJ7KH8QLYHUVLW\RI+XOO+XOO+85;8. 
7HO(PDLOFZX#KXOODFXN 
F6FKRRORI&KHPLFDO	3URFHVV(QJLQHHULQJ7KH8QLYHUVLW\RI/HHGV/6-78. 
7HO(PDLOSWZLOOLDPV#OHHGVDFXN 
 
$EVWUDFW+\GURJHQSURGXFWLRQIURPWKHWKHUPRFKHPLFDOFRQYHUVLRQRIELRPDVVZDVFDUULHGRXW
ZLWKQDQRVL]HG1L=Q$O2[FDWDO\VWVXVLQJDWZRVWDJHIL[HGEHGUHDFWRUV\VWHP7KHJDVHVGHULYHG
IURP WKHS\URO\VLVRIZRRGVDZGXVW LQ WKH ILUVW VWDJHZHUHFDWDO\WLFDOO\ VWHDPUHIRUPHG LQ WKH
VHFRQG VWDJH 7KH 1L=Q$O2[ FDWDO\VWV ZHUH V\QWKHVL]HG E\ D FRSUHFLSLWDWLRQ PHWKRG ZLWK
GLIIHUHQW1LPRODUIUDFWLRQVDQGDQGDFRQVWDQW=Q$OPRODUUDWLRRI7KH
FDWDO\VWVZHUHFKDUDFWHUL]HGE\DZLGHUDQJHRIWHFKQLTXHVLQFOXGLQJ1DGVRUSWLRQ6(0;5'
7(0DQGWHPSHUDWXUHSURJUDPPHGR[LGDWLRQ732DQGUHGXFWLRQ735)LQHPHWDOSDUWLFOHVRI
VL]HDURXQGQPZHUHREWDLQHGDQG WKHFDWDO\VWVKDGKLJKVWDELOLW\ FKDUDFWHULVWLFVZKLFK
LPSURYHGWKHGLVSHUVLRQRIDFWLYHFHQWHUVGXULQJWKHUHDFWLRQDQGSURPRWHGWKHSHUIRUPDQFHRIWKH
FDWDO\VWV7KH\LHOGRIJDVZDVLQFUHDVHGIURPWRZWDQGWKHYROXPHWULFFRQFHQWUDWLRQ
RIK\GURJHQZDVLQFUHDVHGIURPWRYROZKHQWKHDPRXQWRI1LORDGLQJZDVLQFUHDVHG
IURP WR0HDQZKLOH WKH&+ IUDFWLRQGHFUHDVHG IURP WRYRO DQG WKH&&
IUDFWLRQ ZDV UHGXFHG IURP  YRO WR  YRO 'XULQJ WKH UHDFWLRQ WKH FU\VWDO VL]H RI DOO
FDWDO\VWVZDVVXFFHVVIXOO\PDLQWDLQHGDWDURXQGQPZLWKORZHUHGFDWDO\VWFRNHIRUPDWLRQ
SDUWLFXODUO\ IRU WKH1L=Q$OFDWDO\VWZKHUHQHJOLJLEOHFRNHZDVIRXQGDQGDGGLWLRQDOO\QR
REYLRXV FDWDO\VW VLQWHULQJ ZDV GHWHFWHG 7KH HIILFLHQW SURGXFWLRQ RI K\GURJHQ IURP WKH
WKHUPRFKHPLFDOFRQYHUVLRQRIUHQHZDEOHELRPDVVLQGLFDWHVWKDWLWLVDSURPLVLQJVXVWDLQDEOHURXWH
WRJHQHUDWHK\GURJHQIURPELRPDVVXVLQJWKH1L=Q$OPHWDOR[LGHFDWDO\VWSUHSDUHGLQWKLVZRUN
YLDDWZRVWDJHUHDFWLRQV\VWHP 
 
.H\:RUGV%LRPDVV&DWDO\VW+\GURJHQ&RNH6LQWHULQJ  
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,QWURGXFWLRQ 
 
7KHUHDUHNH\HQYLURQPHQWDOFKDOOHQJHV IRU WKHXVHRI IRVVLO IXHOV LQ UHODWLRQ WRHQHUJ\
VHFXULW\ HQYLURQPHQWDO LPSDFW DQG WKH UHOHDVH RI JUHHQKRXVH JDVHV7KHUHIRUH WKHUH LV JOREDO
LQWHUHVW LQ WKH GHYHORSPHQW RI UHQHZDEOH DQG FOHDQ IXHOV DV DOWHUQDWLYHV WR IRVVLO IXHOV >@
+\GURJHQLVNQRZQDVDQLGHDOFOHDQHQHUJ\FDUULHUIRUWKHSURGXFWLRQRIKHDWDQGSRZHUVLQFHLWV
FRPEXVWLRQUHOHDVHVRQO\ZDWHU>@7KHXWLOL]DWLRQRIK\GURJHQIRUHOHFWULFLW\JHQHUDWLRQYLD
IXHOFHOOVDQGSRZHUSODQWKDVEHHQUHFRJQL]HGZLWKKLJKHIILFLHQFLHVDQG]HURQHWFRQWULEXWLRQRI
&2 WR WKH DWPRVSKHUH >@ (IIRUWV DUH GHYHORSLQJ WRZDUGV FRVWHIILFLHQW SURFHVVHV WR SURGXFH
VXIILFLHQWK\GURJHQIURPUHQHZDEOHUHVRXUFHVHJZLQGK\GURSRZHUDQGELRPDVVIRUFRPPHUFLDO
XWLOL]DWLRQ>@$PRQJWKHVHUHVRXUFHVELRPDVVLVDEXQGDQWO\DYDLODEOHLQFOXGLQJFKHDSDQG
QRQIRRGIHHGVWRFNVVXFKDVHQHUJ\FURSVDJULFXOWXUDOUHVLGXHVRUJDQLFZDVWHVE\SURGXFWVIURP
ELRUHILQHULHVZDVWHVSURGXFHGE\WKHIRRGLQGXVWU\DQGWKHELRGHJUDGDEOHIUDFWLRQRIPXQLFLSDO
VROLGZDVWH>@)URPDWHFKQLFDOSRLQWRIYLHZVXVWDLQDEOHK\GURJHQSURGXFHGIURPELRPDVV
E\WKHUPRFKHPLFDOSURFHVVHVHJJDVLILFDWLRQDQGS\URO\VLVKDVDOUHDG\EHHQGHYHORSHG>
@ 
7KHUHIRUHELRPDVVJDVLILFDWLRQDQGS\URO\VLVVWHDPUHIRUPLQJ IRUK\GURJHQSURGXFWLRQ
KDVGUDZQJUHDWLQWHUHVWSDUWLFXODUO\XVLQJVWHDPDVWKHJDVLILFDWLRQDJHQWDQGDVXLWDEOHFDWDO\VW
ZKHUHWKHK\GURJHQ\LHOGFDQEHVLJQLILFDQWO\HQKDQFHG>@+RZHYHUDFKDOOHQJHWRZDUGV
ODUJHVFDOHFRPPHUFLDOLVDWLRQLV WDUIRUPDWLRQLQWKHSURGXFWV\QJDVDQGFRNHIRUPDWLRQRQWKH
FDWDO\VWWKHWDUFDQEORFNWKHSLSHZRUNRIGRZQVWUHDPDSSOLFDWLRQVDQGWKHFRNHGHSRVLWVRQWKH
VXUIDFHRIWKHUHDFWHGFDWDO\VWOHDGWRGHDFWLYDWLRQ>@$GHVLUDEOHFDWDO\VWVKRXOGSURPRWHWDU
UHGXFWLRQLQWKHV\QJDVKDYHJRRGWKHUPDOVWDELOLW\LQWHUPVRISURKLELWLRQRIPHWDOVLQWHULQJDQG
SURPRWHDKLJK\LHOGRIK\GURJHQSURGXFWLRQ>@$QXPEHURIFDWDO\VWVKDYHEHHQSURYHQWR
EH DFWLYH IRU K\GURJHQ SURGXFWLRQ DQG DUH VWDEOH WRZDUGV GHDFWLYDWLRQ LQ ELRPDVV
JDVLILFDWLRQUHIRUPLQJZKLFKDUHPDLQO\WKHSODWLQXPJURXSPHWDOVHJ3K5W3G5XEDVHG
FDWDO\VWV>@+RZHYHUWKHKLJKFRVWRIQREOHPHWDOEDVHGFDWDO\VWVGLVFRXUDJHVWKHSUDFWLFDO
DSSOLFDWLRQ RI ELRPDVV JDVLILFDWLRQ S\URO\VLVUHIRUPLQJ 7KHUHIRUH WR GHYHORS D FKHDSHU DQG
DOWHUQDWLYHPHWDOEDVHGFDWDO\VWZRXOGEHGHVLUDEOH>@ 
'XULQJ WKH ODVW GHFDGH QLFNHOFDWDO\VWVKDYHEHHQH[WHQVLYHO\ LQYHVWLJDWHG IRUELRPDVV
JDVLILFDWLRQ DQG S\URO\VLVFDWDO\WLF VWHDP UHIRUPLQJ )RU HQKDQFHG FDWDO\WLF SHUIRUPDQFH DQG
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WKHUPDO VWDELOLW\YDULRXV VXSSRUWV VXFKDV ]HROLWHV >@GRORPLWH >@
ROLYLQH>@RWKHUPHWDODQGPHWDOR[LGHVVXFKDV/D)H&H26L2=U27L20J2=Q2
$O2 > @ KDYH EHHQ DSSOLHG WR FKDQJH WKH LQWHUDFWLRQV EHWZHHQ VXSSRUW DQG PHWDO
SDUWLFOHV ZKLFK PD\ WKHUHE\ LQIOXHQFH WKH FDWDO\WLF SURSHUWLHV 3DUWLFXODUO\ DOXPLQD KDV EHHQ
ZLGHO\LQYHVWLJDWHGDVDFDWDO\VWVXSSRUWGXHWRKLJKDFWLYLW\DQGORZFRVWLQWKHUHIRUPLQJSURFHVV
>@+RZHYHUFDWDO\VWVEDVHGRQDQDOXPLQDVXSSRUWVXIIHUVHYHUHO\IURPFRNHGHSRVLWLRQ
EHFDXVHRIWKHVWURQJDFLGLW\RIWKHDOXPLQDVXSSRUW>@8QGHUWKLVFLUFXPVWDQFHPRGLILFDWLRQV
RI1LEDVHG$O2VXSSRUWHGFDWDO\VWVVKRXOGEHLQYHVWLJDWHGE\WKHDGGLWLRQRIEDVLFPHWDOVRU
SURPRWHUVZKLFKFDQKHOSGHFUHDVHWKHVXSSRUWDFLGLW\DQGDOVRLPSURYHWKHSURKLELWLRQRIFRNH
IRUPDWLRQRQWKHVXUIDFHRIWKHFDWDO\VWDQGDOVRWKHFDWDO\VWWKHUPDOVWDELOLW\>@ 
7KHDSSOLFDWLRQRIEDVLFPHWDOR[LGHV>@DVVXSSRUWVRUDVSURPRWHUV>@LQWR
$O2 KDYH EHHQ UHVHDUFKHG WR HQKDQFH WKH FDWDO\WLF SHUIRUPDQFH DQG PLQLPL]H WKH FRNH
GHSRVLWLRQ)RUH[DPSOH<DQJHWDO>@LQYHVWLJDWHGWKHHIIHFWRIFDWDO\VWVXSSRUWVRQHWKDQRO
VWHDPUHIRUPLQJ(65XVLQJ1LEDVHGFDWDO\VWVDQGUHSRUWHGWKDW1L=Q2H[KLELWHGWKHKLJKHVW
K\GURJHQ VHOHFWLYLW\ IROORZHG E\ 1L0J2 DQG 1L#?$O2 (WKDQRO VWHDP UHIRUPLQJ XVLQJ
=Q2$O2ZDVFDUULHGRXWE\&KHQHWDO>@DQGLWZDVIRXQGWKDWWKHLQWURGXFWLRQRI=Q2LV
EHQHILFLDOWRWKHUHGXFWLRQRI&2SURGXFWLRQDYRLGLQJWKHLQLWLDOORVVRIFDWDO\WLFDFWLYLW\DQGWKXV
HQKDQFLQJWKHORQJWHUPFDWDO\VWVWDELOLW\0RQ]yQHWDO>@DOVRUHSRUWHGWKDWWKHLQWURGXFWLRQRI
=Q2LQ1L$O2LQFUHDVHGWKH+VHOHFWLYLW\ZLWKUHGXFHGFRNHGHSRVLWLRQ$EHOORHWDO>@
VWXGLHGHWKDQROVWHDPUHIRUPLQJZLWKD1L=Q±$OFDWDO\VWSUHSDUHGE\DVROJHOPHWKRGDQGIRXQG
WKDWWKHFDWDO\VWKDGKLJKVHOHFWLYLW\WR+DQG&2,QWKHPHWKDQROVWHDPUHIRUPLQJUHSRUWHGE\
<DQJHWDO>@=Q2$O2H[KLELWHGKLJKK\GURJHQ\LHOGZLWKORZ&2FRQFHQWUDWLRQ7KHUHIRUH
WKHDGGLWLRQRIEDVLF=Q2 LQWR1LEDVHG$O2 FDWDO\VWV FRXOGEHSURPLVLQJ IRU WKHSURFHVVRI
VWHDPJDVLILFDWLRQRIELRPDVV 
%LRPDVVJDVLILFDWLRQKDVEHHQLQYHVWLJDWHGZLWKVLQJOH>@RUWZRVWDJHUHDFWLRQV\VWHPV
>@8QGHUWKHVLQJOHVWDJHUHDFWLRQV\VWHPWKHVDPSOHVDQGFDWDO\VWVZHUHPL[HGDQG
WKH S\URO\VLV DQG JDVLILFDWLRQ SURFHVVHV ZHUH RSHUDWHG XQGHU WKH VDPH FRQGLWLRQV UHVXOWLQJ LQ
GLIILFXOW\ LQ WKH VHSDUDWLRQ RI FDWDO\VWV DQG ELRPDVV UHVLGXHV DIWHU UHDFWLRQ >@ $ WZRVWDJH
S\URO\VLVFDWDO\WLFVWHDPUHIRUPLQJV\VWHPFDQRYHUFRPHWKLVFKDOOHQJHDQGLPSURYHJDVTXDOLW\
VLQFHWKHWKHUPDOGHJUDGDWLRQRIWKHELRPDVVDQGUHIRUPLQJRIGHULYHGSURGXFWVDUHXQGHUGLIIHUHQW
SURFHVVFRQGLWLRQVHJWHPSHUDWXUH 
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,Q WKLV ZRUN FRSUHFLSLWDWHG 1L2=Q2$O2 FDWDO\VWV ZHUH SUHSDUHG DQG XVHG IRU WKH
S\URO\VLV DQG VXEVHTXHQW FDWDO\WLF VWHDP UHIRUPLQJ RI WKH GHULYHG YRODWLOH SURGXFWV IURP WKH
S\URO\VLV RI ZRRG VDZGXVW E\ XVLQJ D IL[HG EHG WZRVWDJH UHDFWLRQ V\VWHP 7KH DLP ZDV WR
HQKDQFH K\GURJHQ SURGXFWLRQ EXW PLQLPL]H FRNH GHSRVLWLRQ RQ WKH UHDFWHG FDWDO\VW ZKLOVW
PDLQWDLQLQJFDWDO\VWVWDELOLW\ 
([SHULPHQWDO 
 
3UHSDUDWLRQRIPDWHULDOVDQGIUHVKFDWDO\VWV 
 
7KHSURSHUWLHVRIWKHUDZPDWHULDOVZRRGVDZGXVWXWLOL]HGZDVSUHVHQWHGLQRXUSUHYLRXV
UHSRUW>@%XWEULHIO\WKHSUR[LPDWHDQDO\VLVRIWKHZRRGVDZGXVWZDVZWPRLVWXUH
ZWYRODWLOHVZWIL[HGFDUERQDQGZWDVK7KHXOWLPDWHDQDO\VLVVKRZHGWKDWWKH
ZRRGVDZGXVWZDVZWK\GURJHQZWFDUERQZWQLWURJHQDQGZWR[\JHQ
ZKLFKZDVREWDLQHGE\PDVVGLIIHUHQFH 
7KH1L2=Q2$O2FDWDO\VWVZLWKGLIIHUHQW1LPRODUUDWLRVDQGDQG
DFRQVWDQW=Q$OPRODUUDWLR=Q$O ZHUHSUHSDUHGE\DW\SLFDOFRSUHFLSLWDWLRQPHWKRG>
 @ 1L12ā+2 =Q12ā+2 $O12ā+2 6LJPD$OGULFK $XVWUDOLD ZHUH
GLVVROYHGLQGHLRQL]HGZDWHUWRIRUPDPRO/VROXWLRQ7KHPL[WXUHRIQLWUDWHGVROXWLRQVZLWKD
=Q$OPRODUUDWLRRIZDVSUHFLSLWDWHGXVLQJDPRO/1+ā+26LJPD$OGULFK$XVWUDOLD
VROXWLRQDGGLQJGURSE\GURS:KHQWKHS+RIWKHVXVSHQVLRQZDVDURXQGS+WKHDGGLWLRQRI
DPPRQLD VROXWLRQZDV VWRSSHG7KH VXVSHQVLRQZDV WKHQDJHGXQGHU DJLWDWLRQ IRU RQHKRXU DW
&DQGILOWHUHGXQGHUYDFXXP7KHREWDLQHGILOWHUFDNHZDVGULHGLQDQRYHQDW&IRUDERXW
K)LQDOO\ WKHSUHFXUVRUZDV FDOFLQHGXQGHUDQDLUDWPRVSKHUHE\KHDWLQJ WKHSUHFXUVRU WR D
WHPSHUDWXUHRI&ZLWKDKHDWLQJUDWHRI&PLQDQGWKHQKHOGDW&IRUKRXUV7KH
FDOFLQHGIUHVKFDWDO\VWZDVJURXQGLQWRILQHSRZGHUDQGVLHYHGWRREWDLQSDUWLFOHVL]HVZLWKDUDQJH
EHWZHHQDQGȝP7KHIUHVK1L=Q$OFDWDO\VWVZHUHGHQRWHGDV[1L=Q$OZKHUH³[´LQGLFDWHV
WKHQLFNHOPRODUUDWLRHJDQG 
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3\URO\VLVFDWDO\WLFUHIRUPLQJRIELRPDVV 
 
7KHSUHSDUHG1L2=Q2$O2FDWDO\VWVZHUHLQYHVWLJDWHGIRUK\GURJHQSURGXFWLRQIURP
WKHWKHUPRFKHPLFDOFRQYHUVLRQRIELRPDVV$WZRVWDJHUHDFWRUZDVXVHGLQWKLVZRUN,QWKHILUVW
UHDFWRUWKHZRRGVDZGXVWZDVGHFRPSRVHGLQWRS\URO\VLVYDSRXUVZKLFKSDVVHGWRWKHVHFRQG
UHDFWRU IRU FDWDO\WLF VWHDP UHIRUPLQJ UHDFWLRQV IRU WKH SURGXFWLRQ RI K\GURJHQ 7KH VFKHPDWLF
GLDJUDPRIWKHWZRVWDJHIL[HGEHGUHDFWLRQV\VWHPZDVSUHVHQWHGLQRXUSUHYLRXVUHSRUW>@ 
)RUHDFKH[SHULPHQW1ZDVXVHGDVFDUULHUJDVZLWKDIORZUDWHRIPOPLQ7KHZRRG
VDZGXVWVDPSOHJDQGIUHVK1L2=Q2$O2FDWDO\VWJZHUHSODFHGLQWKHILUVWDQG
VHFRQGUHDFWRUUHVSHFWLYHO\7KHWHPSHUDWXUHRIWKHFDWDO\VWUHDFWRUZDVLQLWLDOO\KHDWHGWR&
>@:KHQWKHVHFRQGUHDFWRUFDWDO\VWEHGZDVVWDELOL]HGDW&WKHILUVWUHDFWRUZKHUHWKH
ELRPDVVVDPSOHZDVORFDWHGZDVKHDWHGWRDWHPSHUDWXUHRI&DWDKHDWLQJUDWHRI&PLQ
6WHDPZDVJHQHUDWHGE\KHDWLQJZDWHUZKLFKZDVLQMHFWHGWRWKHVHFRQGUHDFWRUZLWKDIORZUDWH
RIPOKXVLQJDV\ULQJHSXPSDWWKHSRLQWZKHQWKHS\URO\VLVUHDFWRUZDVVWDUWHGWREHKHDWHG
,QWKLVZRUNVDQGZDVXVHGLQVWHDGRIWKHFDWDO\VWIRUEODQNH[SHULPHQWV 
7KHOLTXLGSURGXFWGHULYHGIURPWKHFDWDO\VWEHGZDVFROOHFWHGZLWKWZRFRQGHQVHUVZKLFK
ZHUHDLUFRROHGDQGGU\LFHFRROHGUHVSHFWLYHO\$/7HGODU70JDVEDJZDVXVHGWRFROOHFWWKH
QRQFRQGHQVHGJDVHVZKLFKZHUHIXUWKHUDQDO\]HGXVLQJRIIOLQHJDVFKURPDWRJUDSK*&7KH
JDVUHVLGXH\LHOGVDQGPDVVEDODQFHZDVFDOFXODWHGYLDWKHIROORZLQJ(TXDWLRQVDQG
UHVSHFWLYHO\ 
 
*DV<LHOGZWൌ *DVPDVV:RRGVDZGXVWPDVV î  (TXDWLRQ 
5HVLGXH<LHOGZWൌ 5HVLGXHPDVV:RRGVDZGXVWPDVV î  (TXDWLRQ 
0DVVEDODQFHZWൌ *DVPDVV5HVLGXHPDVV൅/LTXLGPDVV&KDUPDVV:RRGVDZGXVWPDVVLQMHFWHGZDWHUPDVV î(TXDWLRQ 
 
7KHPDVVRIELRPDVVFKDUUHVLGXHDIWHUS\URO\VLVZDVREWDLQHGE\WKHPDVVGLIIHUHQFHRIWKHVDPSOH
ERDWEHIRUHDQGDIWHUWKHH[SHULPHQW7KHWRWDOUHDFWLRQWLPHIRUHDFKH[SHULPHQWZDVDERXW
PLQXWHV(DFKFDWDO\VWZDVXVHGRQO\RQFHIRUHDFKH[SHULPHQW7KHH[SHULPHQWVUHDFKHGDPDVV
EDODQFHFORVHWRZKLFKZDVXVHGIRUYHULILFDWLRQRIH[SHULPHQWDODFFXUDF\DQGUHSHDWDELOLW\
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6HOHFWHG H[SHULPHQWVZHUH UHSHDWHG IRU H[DPSOH WKH VWDQGDUGGHYLDWLRQVXVLQJ WKH1L=Q$O
FDWDO\VWV ZHUH  IRU K\GURJHQ \LHOG  IRU K\GURJHQ FRQFHQWUDWLRQ  IRU &2
FRQFHQWUDWLRQDQGIRU&+FRQFHQWUDWLRQ 
 
&KDUDFWHUL]DWLRQRIJDVHV 
 
& WR & K\GURFDUERQV ZHUH DQDO\]HG ZLWK D9DULDQ  *& ZLWK D IODPH LRQL]DWLRQ
GHWHFWRU),'DQGD+D\H6HSFROXPQPHVKDQGFDUULHUJDV1ZHUHXVHG+&2DQG
1ZHUHGHWHUPLQHGXVLQJD9DULDQ*&ZLWKDPROHFXODUVLHYHFROXPQPHVKDQG
DUJRQFDUULHUJDV&2JDVZDVDQDO\]HGE\DQRWKHU9DULDQ*&RQD+D\H6HSFROXPQ
PHVKZLWKFDUULHUJDVDUJRQ 
 
$QDO\VLVRIFDWDO\VWV 
 
1 DGVRUSWLRQ LVRWKHUPV 4XDQWDFKURPH$XWRVRUE ZHUH XVHG WR REWDLQ WKH VSHFLILF
VXUIDFHDUHDRIWKHIUHVK1L2=Q2$O2FDWDO\VW3ULRUWRWKHLVRWKHUPDQDO\VLVDERXWPJRI
FDWDO\VWZDVGHJDVVHGXQGHUYDFXXPIRUKDW&7KHSRLQW%UXQDXHU(PPHWWDQG7HOOHU
%(7PHWKRGZDVXVHGWRHYDOXDWHWKHVXUIDFHDUHDRIWKHIUHVKFDWDO\VW;UD\GLIIUDFWLRQ;5'
SDWWHUQVRIWKHIUHVKFDWDO\VWVZHUHGHWHUPLQHGXVLQJD6,(0(16'LQVWUXPHQWXVLQJ&X.Į
UDGLDWLRQ7KHVFDQQLQJUDQJHZDVEHWZHHQDQGDQGWKHVFDQQLQJVWHSZDV7KHFU\VWDO
SDUWLFOHVL]H'RIWKHFDWDO\VWZDVREWDLQHGXVLQJ6FKHUUHU¶VIRUPXOD(TXDWLRQ ߬ ൌ ௄ఒఉ ୡ୭ୱ ఏ(TXDWLRQ 
ZKHUH߬LV WKH PHDQ VL]H RI FU\VWDO SDUWLFOHVܭLV GLPHQVLRQOHVV VKDSH IDFWRUߣLV WKH ;UD\
ZDYHOHQJWKߚLVWKHOLQHEURDGHQLQJDWKDOIWKHPD[LPXPLQWHQVLW\DQGߚLVWKH%UDJJDQJOH 
 
7KHPRUSKRORJLHVRIWKHFDWDO\VWVZHUHDQDO\]HGE\DVFDQQLQJHOHFWURQPLFURVFRSH6(0
/(2 ,QDGGLWLRQ WUDQVPLVVLRQ(OHFWURQPLFURVFRS\7(03KLOOLSV&0%LR)LOWHU
DQDO\VLVZDVFDUULHGRXWWRREWDLQGHWDLOHGLQIRUPDWLRQDERXWWKHIUHVK1L2=Q2$O2FDWDO\VWV
7KH UHGXFLELOLW\ RI WKH SUHSDUHG IUHVK FDWDO\VWV ZDV DQDO\]HG E\ WHPSHUDWXUH SURJUDPPHG
UHGXFWLRQ735XVLQJDWKHUPRJUDYLPHWULFDQDO\]HU6'74'XULQJWKH735DQDO\VLVDERXW
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 PJ IUHVK 1L2=Q2$O2 FDWDO\VW ZDV XVHG 7KH FDWDO\VW VDPSOH ZDV KHDWHG IURP URRP
WHPSHUDWXUHWRDERXW&DW&PLQXVLQJYRO+JDVEDODQFHGZLWKYRO1
WRWDOIORZUDWHZDVP/PLQ 
5HVXOWVDQG'LVFXVVLRQ 
 
&KDUDFWHUL]DWLRQVRIWKHIUHVK1L=Q$OFDWDO\VWV 
 
1DGVRUSWLRQDQG;5'DQDO\VLVRIIUHVK1L2=Q2$O2FDWDO\VWV 
7H[WXUDO SURSHUWLHV WKHRUHWLFDO PHWDO FRPSRVLWLRQ DQG %(7 VXUIDFH DUHD RI WKH IUHVK
FDWDO\VWVDUHVKRZQLQ7DEOH7KHVSHFLILFVXUIDFHDUHDRIWKHIUHVKFDWDO\VWVZHUHP
J ,W VHHPV WKDW LQFUHDVLQJ WKH1LPRODUUDWLR IURP WRGLGQRWVLJQLILFDQWO\FKDQJH WKH
VXUIDFHDUHDVRIWKHFDWDO\VWV;5'SDWWHUQVRIWKHIUHVK1L2=Q2$O2FDWDO\VWVDUHVKRZQLQ
)LJDQGWKHSDUWLFOHVL]HRIFU\VWDOVLQWKH1L2=Q2$O2FDOFXODWHGIURPWKH;5'DQDO\VLV
DUHVXPPDUL]HGLQ7DEOH,WKDVEHHQIRXQGWKDWD=Q$O2VSLQHOVWUXFWXUHZDVHDVLO\IRUPHG
FRPSDUHGWR1L$O2VSLQHOZKHQWKHLRQVRI=Q$ODQG1LFRH[LVWHGLQVLGHWKH1L2=Q2
$O2 FDWDO\VW EHFDXVH =Q LRQV FDQ HDVLO\ HQWHU LQWR WKH WHWUDKHGUDO VLWHV RI WKH LQWHUVWLFHV
EHWZHHQ2LRQVZKLOH1LLRQVDUHGLIILFXOWWRHQWHULQWRWKHFORVHSDFNHG2LRQLFODWWLFH>@
)URPWKH;5'UHVXOWVWKHSUHVHQFHRIDVSLQHO=Q$O2SKDVH-&3'6FKDUDFWHUL]HGE\
WZRLQWHQVHDQGV\PPHWULFSHDNVDWș RDQGRDQGRWKHUOHVVLQWHQVHSHDNVDWKLJKHUș
YDOXHVș RRZDVFOHDUO\HYLGHQFHGLQDOOWKHIUHVK1L2=Q2$O2FDWDO\VWVZKLFK
LVFRQVLVWHQWZLWKWKHUHVXOWVUHSRUWHGE\%DUURVRHWDO>@0HDQZKLOHWKHSHDNDWș RIRU
VWRLFKLRPHWULF1L$O2VSLQHOZDVGLVSOD\HGLQDOO;5'SDWWHUQVRIIUHVKFDWDO\VWVWKHRWKHUSHDNV
IRUWKH1L$O2VSLQHOSKDVHZKLFKRFFXUDWYDOXHVRIDSSUR[LPDWHO\ș RRRR
RRDOVRDSSHDUHGGLVWLQFWO\-&3'6>@$VPDOOFU\VWDOVL]HQPRIWKH
VSLQHOZDVFDOFXODWHGEDVHGRQWKH6FKHUUHUHTXDWLRQ(T 
%DVHGRQWKHVWXG\RI%XLWUDJR6LHUUDHWDO>@WKHPRVWLQWHQVHGLIIUDFWLRQSHDNRI=Q2
DWDURXQGRRYHUODSVZLWK WKHPRVW LQWHQVH=Q$O2GLIIUDFWLRQSHDN$GLIIUDFWLRQSHDNDW
R LV DVVLJQHG WR GLVFUHWH =Q2 +RZHYHU LQ WKLV ZRUN WKHUH ZDV QR HYLGHQFH WR VKRZ WKH
SUHVHQFHRI=Q2LQWKHIUHVK1L2=Q2$O2FDWDO\VWV7KLVHIIHFWPD\EHGXHWRWKHIDFWWKDW=Q2
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KDVFRPSOHWHO\UHDFWHGZLWK$O2XSRQFDOFLQDWLRQWRIRUPWKH=Q$O2VSLQHOSKDVH0HDQZKLOH
WKHSUHVHQFHRI$O2ZDVQRWREWDLQHGZKLFKPD\EHEHFDXVHWKHDPRXQWRIUHPDLQLQJ$O2
ZDV WRR VPDOO WR EH GHWHFWHG >@ RU GXH WR WKH IDFW WKDW Ȗ$O2 KDV SRRU FU\VWDOOLQLW\ >@
)XUWKHUPRUHDFFRUGLQJWR%XLWUDJR6LHUUDHWDO>@;5'W\SLFDOO\GHWHFWVFU\VWDOOLWHVWKDWDUH
ODUJHU WKDQQP WKXV LW LV SRVVLEOH WKDW=Q21L2DQG$O2 H[LVW RQ WKHVH FDWDO\VWV KDYH
FU\VWDOOLWHVL]HVVPDOOHUWKDQWKHGHWHFWLRQOLPLW>@ 
:LWK LQFUHDVLQJ 1LPRODU UDWLR WR WKH DSSHDUDQFHRI1L2ZDV VWLOO QRW LGHQWLILHG
ZKLFKPD\EHGXHWRPRUH1L$O2VSLQHOIRUPDWLRQRUWKHVL]HDPRXQWRIUHPDLQLQJ1L2ZDVWRR
VPDOO WREHGHWHFWHGE\;5'>@)XUWKHULQFUHDVLQJWKH1LPRODUUDWLRWRDQGWKH
GLIIUDFWLRQSHDNVIRU1L2DWYDOXHVRIDSSUR[LPDWHO\ș RDQGR-'3'6ZHUH
FOHDUO\HYLGHQFHGDQGWKHPDLQSHDNIRU1L2DWWKHYDOXHRIș RPD\RYHUODSZLWKWKHSHDN
RI1L$O2-&3'6DWWKHVLPLODUSRVLWLRQRIșYDOXHV>@ 
=Q$O2 1L$O2 SKDVHV ZLWK D FU\VWDOOLWH VL]H RI DSSUR[LPDWH  QP ZKLFK ZHUH
FDOFXODWHGEDVHGRQWKH6FKHUUHUHTXDWLRQZHUHDVVLJQHGLQWKH;5'SDWWHUQVIRUDOOIUHVK1L2
=Q2$O2 FDWDO\VWV ,Q DGGLWLRQ 1L2 SKDVHV ZLWK D SDUWLFOH VL]H RI DSSUR[LPDWH  QP ZHUH
LGHQWLILHGLQWKH;5'SDWWHUQVIRUIUHVK1L2=Q2$O2FDWDO\VWVZLWKD1LPRODUUDWLRRI
DQG  7KH =Q$O2 1L$O2 DQG 1L2 SDUWLFOH VL]HV ZHUH FDOFXODWHG EDVHG RQ =Q$O2
1L$O2DQG1L2GLIIUDFWLRQSHDNVDWWKHVDPHșYDOXHRIRLQWKH;5'SDWWHUQVIRUDOOIUHVK
1L2=Q2$O2FDWDO\VWV 
 
6(0DQG7(0DQDO\VLVRIWKHIUHVK1L=Q$O 
6(0LPDJHVRIWKHIUHVK1L2=Q2$O2FDWDO\VWVDUHVKRZQLQ)LJWRFKDUDFWHUL]HWKH
PRUSKRORJ\RIWKHFDWDO\VWV,QFUHDVLQJWKH1LPRODUUDWLRIURPWRSURGXFHGYHU\VLPLODU
PRUSKRORJLHV)LJDEDQGF7KHPLFURJUDSKVZKLFKFDQEHVHHQIURP)LJDEDQG
F VKRZ WKH SUHVHQFH RI DJJORPHUDWHV FRPSRVHG RI VPDOO TXDVLVSKHULFDO SDUWLFOHV LQ WKH
PLFURPHWULFVFDOH)XUWKHULQFUHDVLQJWKH1LPRODUUDWLRWRDQGUHVXOWHGLQPRUHPHWDO
R[LGHSDUWLFOHVEHLQJGLVSHUVHGRQWKHVXUIDFHXQWLOFOXVWHUVZHUHIRUPHG)LJGDQG)LJH
)URP)LJGDQG)LJHWKHPHWDOR[LGHFOXVWHUVDUHGHQVHO\GLVSHUVHGRQWKHVXUIDFHDQGLW
LVGLIILFXOWWRGLIIHUHQWLDWH=Q$O21L$O2DQG1L2SDUWLFOHVZKLFKKDYHEHHQLGHQWLILHGIURP
;5')LJ 
7KH7(0LPDJHVRIWKHIUHVK1L=Q$ODQG1L=Q$OFDWDO\VWVDWVFDOHVRIQPDQG
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QPDUHGHSLFWHG LQ )LJ )URP )LJ  DKLJK GLVSHUVLRQRI WKHPHWDO R[LGHSDUWLFOHV FDQEH
REVHUYHG7KHSDUWLFOHVL]HREWDLQHGIURP7(0LPDJHVZDVDURXQGQPZKLFKLVFRQVLVWHQW
ZLWKWKH;5'UHVXOWVDVVKRZQLQ7DEOHIRUWKH1L=Q$ODQGWKH1L=Q$OFDWDO\VWV)URPWKH
;5'6(0DQG7(0DQDO\VLVRIWKHIUHVKFDWDO\VWVLWLVVXJJHVWHGWKDWQDQRPHWDOSDUWLFOHVDUH
VXFFHVVIXOO\GLVSHUVHGRQWKHVXUIDFHRIWKH1L2=Q2$O2FDWDO\VWVLQGLFDWLQJDKLJKGLVSHUVLRQ
RIPHWDOSDUWLFOHVZDVREWDLQHG 
 
735DQDO\VLVRIIUHVK1L=Q$OFDWDO\VWV 
7KH735DQDO\VLVRIWKHIUHVKFDWDO\VWZDVSHUIRUPHGWRVWXG\WKHUHGXFWLRQSURSHUWLHVRI
VXUIDFHPHWDOR[LGHFRPSRXQGVRQWKHIUHVKFDWDO\VWV$VVKRZQLQ)LJIRUWKHIUHVK1L=Q$O
DQG 1L=Q$O FDWDO\VWV D EURDG K\GURJHQ FRQVXPSWLRQ EDQG ZDV REWDLQHG EHWZHHQ  DQG
 & ZLWK D PD[LPXP FRQVXPSWLRQ DW DURXQG  & DQG WKHVH FDQ EH DVVLJQHG WR WKH
UHGXFWLRQV RI =Q$O2 DQG 1L$O2 VSLQHO SKDVHV >@ +LJK WHPSHUDWXUH ZDV UHTXLUHG WR
UHGXFHWKHIUHVKFDWDO\VWLWLVVXJJHVWHGWKDWWKLVZDVGXHWRWKHVWURQJLQWHUDFWLRQVEHWZHHQPHWDOV
DQGFDWDO\VWVXSSRUW>@ 
:KHQWKH1LPRODUUDWLRZDVLQFUHDVHGWRDQH[WUDUHGXFWLRQSHDNZDVREVHUYHGDW
DURXQG&LQUHODWLRQWRWKHUHGXFWLRQRIVWRLFKLRPHWULF1L$O2VSLQHOSKDVH>@:KHQ
WKH1LPRODUUDWLRZDVIXUWKHULQFUHDVHGWRDQGDUHGXFWLRQSHDNDWDURXQG&FDQ
EHUHODWHGWRWKHUHGXFWLRQRI1L2>@1LFRQWHQWKDVEHHQUHSRUWHGWRGLVVROYHSUHIHUDEO\ZLWK
$O2VXSSRUWDWKLJKWHPSHUDWXUHWRIRUP1L$O2VSLQHOSKDVHZKHQ1LORDGLQJZDVORZZLWK
WKHLQFUHDVHRI1LFRQWHQWEXON1L2SDUWLFOHVZHUHIRUPHG>@ 
,WLVQRWHGWKDWIRUDOOWKHIUHVKFDWDO\VWVWKHUHGXFWLRQWHPSHUDWXUHRI=Q$O2RU1L$O2
FKDQJHGIURPDURXQGWR&ZLWKLQFUHDVLQJ1LFRQWHQW7KLVUHVXOWLVFRQVLVWHQWZLWKWKH
OLWHUDWXUH LQYHVWLJDWLQJ FDWDO\VWV SUHSDUHG E\ VROJHO DQG FRSUHFLSLWDWLRQ >   @ )RU
H[DPSOH*XRHWDO>@LQYHVWLJDWHGQLFNHOFDWDO\VWVZLWK0J$O2VSLQHODVVXSSRUWXVLQJ735
DQDO\VLVDQGWZRUHGXFWLRQSHDNVZHUHIRXQGWKHPD[LPXPUHGXFWLRQWHPSHUDWXUHRIWKHVHFRQG
SHDNPRYHGIURPWR&ZLWKWKHLQFUHDVHRI1LORDGLQJIURPWRZW 
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:RRGVDZGXVWS\URO\VLVDQGFDWDO\WLFUHIRUPLQJZLWK1L2=Q2$O2FDWDO\VWV 
3URGXFW\LHOG 
*DV DQG K\GURJHQ SURGXFWLRQ IURP WKH S\URO\VLVFDWDO\WLF VWHDP UHIRUPLQJ RI ZRRG
VDZGXVWLVVKRZQLQ7DEOH7KHUHVLGXH\LHOGVWDELOL]HGDWDURXQGZWLQWKLVZRUNVLQFH
S\URO\VLVLQWKHILUVWVWDJHUHDFWRUZDVWKHVDPHIRUHDFKH[SHULPHQW/LTXLGSURGXFWVFROOHFWHG
IURP WKH FRQGHQVHUV FRQVLVWHGRI DPL[WXUHRIELRRLO DQGQRQUHDFWHGZDWHU7KH PDVVRI WKH
LQMHFWHGZDWHULQWRWKHUHDFWLRQV\VWHPZDVFDOFXODWHGE\WKHZHLJKWGLIIHUHQFHRIWKHV\ULQJH 
)RUWKHEODQNH[SHULPHQWXVLQJDVDQGEHGWKHJDV\LHOGLQUHODWLRQWRWKHPDVVRIZRRG
VDZGXVWZDVZWDQGWKHK\GURJHQSURGXFWLRQZDVPPRO+JZRRGVDZGXVW7DEOH
+RZHYHUZLWKWKHDGGLWLRQRI1L2=Q2$O2FDWDO\VWVZLWK1LPRODUUDWLRVUDQJLQJIURP
WRERWKWKHJDVDQGK\GURJHQ\LHOGVZHUHHQKDQFHGJUDGXDOO\DQGVLJQLILFDQWO\IURPWR
ZWDQGIURPWRPPRO+JZRRGVDZGXVWUHVSHFWLYHO\,WLQGLFDWHVWKDWWKH1L2
=Q2$O2 FDWDO\VW LV HIILFLHQW IRU K\GURJHQ SURGXFWLRQ IURP S\URO\VLV FDWDO\WLF UHIRUPLQJ RI
ZRRGVDZGXVW 
=Q$O2SKDVHVZHUHUHSRUWHGWRLQFUHDVHWKHSURGXFWLRQRIK\GURJHQE\WKHSURPRWLRQRI
WKHZDWHUJDVVKLIW UHDFWLRQZKHQVWHDPUHIRUPLQJRIHWKDQROZDVLQYHVWLJDWHGXVLQJ1L$O2
FDWDO\VWV SURPRWHG E\ =Q >@7KH LQIOXHQFH RI 1L FRQWHQW RQ K\GURJHQ SURGXFWLRQ KDV EHHQ
UHSRUWHGE\RWKHUUHVHDUFKHUV)RUH[DPSOH&RUXMRHWDO>@LQYHVWLJDWHGWKHFDWDO\WLFDFWLYLW\RI
D 1L'RORPLWH FDWDO\VW IRU WKH JDVLILFDWLRQ RI IRUHVWU\ UHVLGXH LQ WKH SUHVHQFH RI VWHDP 7KH\
UHSRUWHG WKDW WKH RSWLPDO UHVXOW LQ WHUPV RI K\GURJHQ SURGXFWLRQ ZDV IRXQG ZLWK WKH FDWDO\VW
FRQWDLQLQJWKHVPDOOHVWDPRXQWRI1L21L'RORPLWH1L=Q$OFDWDO\VWVZLWKGLIIHUHQWDWRPLF
UDWLRVRI=Q$O ZW1LDPRXQWZHUHXVHGIRU HWKDQROVWHDPUHIRUPLQJKLJKK\GURJHQ
SURGXFWLRQDQGVHOHFWLYLW\ZHUHREVHUYHGRQWKHFDWDO\VWVFRQWDLQLQJDQLFNHODPRXQWEHWZHHQ
DQGZW>@,QRXUSUHYLRXVZRUN>@WKHS\URO\VLVDQGVWHDPUHIRUPLQJRIZRRGVDZGXVW
ZLWKD1L0&0FDWDO\VWZDVVWXGLHG:KHQWKH1LFRQWHQW LQ WKH1L0&0FDWDO\VWZDV
LQFUHDVHGIURPWRZWWKHJDVSURGXFWLRQZDVLQFUHDVHGIURPWRZWDQGWKH+
\LHOGZDVHQKDQFHGIURPWRPPRO+JVDPSOHUHVSHFWLYHO\ 
6PDOOHUPHWDOSDUWLFOHVL]HDQGPRUHFDWDO\WLFDFWLYHVLWHVKDYHEHHQUHSRUWHGWRHQKDQFH
JDV SURGXFWLRQ IURP UHIRUPLQJ UHDFWLRQV >  @ )RU H[DPSOH LQ RXU SUHYLRXV ZRUN IRU
S\URO\VLVFDWDO\WLFVWHDPUHIRUPLQJRIELRPDVVZLWK1L0&0FDWDO\VW>@WKHSURGXFWLRQRI
K\GURJHQDQGJDVZDVVLJQLILFDQWO\LQFUHDVHGZLWKWKHLQFUHDVHRI1LORDGLQJIURPWRZW
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ZKLOH1L2FU\VWDOVL]HZDVVWDEOHDURXQGQP+RZHYHUZLWKWKHIXUWKHULQFUHDVHRI1LORDGLQJ
WR  ZW JDV DQG K\GURJHQ VKRZHG VOLJKW FKDQJHV WKLV ZDV VXJJHVWHG WR EH GXH WR WKH
HQODUJHPHQWRI1L2SDUWLFOHV,QDGGLWLRQ=Q$O2VXSSRUWHG3WFDWDO\VWVDSSOLHGLQWKHQEXWDQH
GHK\GURJHQDWLRQSURFHVVZDVLQYHVWLJDWHG>@7KH3WFDWDO\VWVZLWK=Q$O2SUHSDUHGE\DFR
SUHFLSLWDWLRQ PHWKRG SUHVHQWHG KLJK FDWDO\WLF DFWLYLW\ DQG SURGXFW VHOHFWLYLW\ FRPSDUHG WR WKH
=Q$O2FDWDO\VWVSUHSDUHGE\PHFKDQRFKHPLFDOV\QWKHVLV7KLVZDVGXHWRWKH=Q$O2FDWDO\VW
SUHSDUHGE\WKHFRSUHFLSLWDWLRQPHWKRGH[KLELWLQJKLJKHUGLVSHUVLRQRIPHWDOSDUWLFOHV 
,QWKLVZRUNWKHDYHUDJHVL]HRIPHWDOSDUWLFOHVZDVDERXWQPFDOFXODWHGIURPWKH;5'
DQDO\VLV 7DEOH  DQG )LJ ,Q DGGLWLRQ WKH PHWDO SDUWLFOH VL]H ZDV PDLQWDLQHG ZKHQ WKH 1L
FRQWHQW ZDV LQFUHDVHG IURP  WR  7KHUHIRUH KLJKHU \LHOGV RI JDV DQG K\GURJHQ ZHUH
REWDLQHGZLWKWKHLQFUHDVHRIFDWDO\WLFVLWHVGXULQJS\URO\VLVFDWDO\WLFVWHDPUHIRUPLQJRIZRRG
VDZGXVW LQ WKLV ZRUN )XUWKHUPRUH 735 DQDO\VLV DOVR VXJJHVWV WKDW PRUH FDWDO\WLF VLWHV ZHUH
JHQHUDWHGZLWKWKHLQFUHDVHRI1LFRQWHQWIURPWRDVWKHFDWDO\VWEHFRPHVPRUHUHGXFLEOH
)LJ 
*DVFRQFHQWUDWLRQ 
,QWKLVZRUNWKHELRPDVVZDVLQLWLDOO\S\URO\VHGWRSURGXFH+2+&2&2&+ˈWDU
FKDUDQGRUJDQLFYRODWLOHV(TLQWKHILUVWVWDJHS\URO\VLVUHDFWRUIROORZHGE\WKHUHIRUPLQJ
RIWDUDQGRUJDQLFYRODWLOHVLQWKHVHFRQGVWDJH7KHVHFRQGVWDJHLQFOXGHVUHDFWLRQVRI&2&2
+DQG+2ZLWKWKHK\GURFDUERQVDQGR[\JHQDWHGFRPSRXQGVGHULYHGIURPS\URO\VLVRIZRRG
VDZGXVW WKHUHE\ SURGXFLQJ JDVHRXV SURGXFWV 1LWURJHQ FDUULHU JDV ZDV XVHG WKURXJKRXW WKH
H[SHULPHQWVDQGWKHJDVIUDFWLRQVRIWKHSURGXFHGJDVHVDQGWKHFRQVHTXHQWUHGXFWLRQLQQLWURJHQ
FRQFHQWUDWLRQW\SLFDOO\UHGXFHGWRaYROLQWKHFROOHFWHGJDVVDPSOHEDJZHUHXVHGIRUWKH
GHWHUPLQDWLRQRIWKHPDVVRIJDVHVSURGXFHG,QWKLVZRUNWKHGDWDUHSRUWHGLQ7DEOHLVIRUWKH
YROXPHSHUFHQWRIHDFKJDVRQD1IUHHEDVLV 
7KH VWHDP DWPRVSKHUH DQG WKH XWLOL]DWLRQ RI FDWDO\VW SURPRWHV WKH GHFRPSRVLWLRQ DQG
UHIRUPLQJUHDFWLRQVVRWKDWPRUHOLJKWJDVHVVXFKDV+&2&+DQG&2DUHSURGXFHG>@,W
LVZHOO NQRZQ WKDW WKHZDWHUJDV VKLIW UHDFWLRQ (T VWHDP UHIRUPLQJRIK\GURFDUERQVDQG
R[\JHQDWHGFRPSRXQGV (T DQG(T &2 UHIRUPLQJRIK\GURFDUERQVDQGR[\JHQDWHG
FRPSRXQGV (T  DQG (T  GHFRPSRVLWLRQ UHDFWLRQV RI K\GURFDUERQV DQG R[\JHQDWHG
FRPSRXQGVFDUERQJDVLILFDWLRQUHDFWLRQ(TWRJHWKHUZLWK%RXGRXDUGUHDFWLRQ(T
ZHUHWKHPDLQUHDFWLRQVZKLFKRFFXUUHGLQSDUDOOHODQGFRQWULEXWHGWRWKHKLJKWRWDOJDVDQG+
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\LHOGV>@ 
 ܤ݅݋݉ܽݏݏ ՜ ܪଶܱ ൅ ܪଶ ൅ ܥܱ ൅ ܥܱଶ ൅ ݐܽݎ ൅ ݄ܿܽݎ ൅ ݒ݋݈ܽݐ݈݅݁ݏ (TXDWLRQ ܥܱ ൅ ܪଶܱ ՞ ܥܱଶ ൅ ܪଶ (TXDWLRQ ܥ௠ܪ௡ ൅ ܪଶܱ ՜ ܥܱ ൅ ܪଶ (TXDWLRQ ܥ௫ܪ௬ ௭ܱ ൅ ܪଶܱ ՜ ܥܱ ൅ ܪଶ (TXDWLRQ ܥ௠ܪ௡ ൅ ܥܱଶ ՜ ܥܱ ൅ ܪଶ (TXDWLRQ ܥ௫ܪ௬ ௭ܱ ൅ ܥܱଶ ՜ ܥܱ ൅ ܪଶ (TXDWLRQ ܥ ൅ ܪଶܱ ՜ ܥܱ ൅ ܥܱଶ ൅ ܪଶ (TXDWLRQ ܥ ൅ ܥܱଶ ՜  ?ܥܱ (TXDWLRQ ܥܱଶ ൅ ܥܪସ ՜ ܥܱ ൅ ܪଶ (TXDWLRQ 
 
The gas composition for the non-condensed gas product after the catalytic steam reforming 
of derived products from pyrolysis of wood sawdust are listed in Table 2. CO, H2, CO2 and CH4 
were found to be the main gases from the non-catalytic steam reforming process with a sand bed 
(45.5 vol.% of CO, 17.4 vol.% of H2, 14.5 vol.% of CO2 and 14.8 vol.% of CH4). Increasing the 
Ni content to 10%, the gas concentration showed a similar but not significant trend as increasing 
the Ni molar ratio from 0 to 5%. The CO, CH4 and C2-C4 concentrations slightly decreased from 
33.8 to 32.7 vol.%, from 10.2 to 8.9 vol.% and from 2.4 to 1.3 vol.%, respectively. While the H2 
content increased from 34.7 to 38.1 vol.% with a similar amount of CO2 (from 18.9 to 19.0 vol.%). 
Both the water gas shift reaction and dry reforming contributed to the process. Further increasing 
the Ni molar ratio to 15%, the H2 concentration increased continuously from 32.7 to 37.3 vol.% 
and the CH4 content was diminished from 8.9 to 6.3 vol.%. However, the CO concentration 
increased from 32.7 to 37.3 vol.%, CO2 content was consumed from 19.0 to 16.2 vol.% with the 
similar C2-C4 concentration (from 1.3 to 1.5 vol.%), which might be attributed to the CO2 dry 
reforming with methane (Eq.(13)). With the increase of the Ni molar ratio continuously from 15% 
to 25%, the H2 content increased significantly from 38.7 to 46.9 vol.%, CH4 and C2-C4 
concentration were decreased from 6.3 to 0.9 vol.% and from 1.5 to 0.2 vol.%, respectively, with 
the similar reductions for CO (from 37.3 to 36.7vol.%) and CO2 amount (from 16.2 to 15.3 vol.%). 
Obviously, steam reforming of hydrocarbons mainly contributed to the process. The produced CO 
13 
 
should be consumed by the water-gas shift reaction (Eq.(6)). The amount of CO2 would be 
balanced after dry reforming of hydrocarbons, which has been promoted by the increased Ni 
catalytic active sites.  
:KHQ WKH 1L PRODU UDWLR ZDV LQFUHDVHG WR  WKH + FRQFHQWUDWLRQ ZDV HQKDQFHG
FRQWLQXRXVO\IURPWRYROWKH&2FRQWHQWLQWKHWRWDOJDVUHPDLQHGFRQVWDQWDWDURXQG
YRODQG&2&+DQG&&FRQFHQWUDWLRQZHUHDOOVOLJKWO\GHFUHDVHGIURPWR
YROIURPWRYRODQGIURPWRYROUHVSHFWLYHO\ZKLFKLQGLFDWHVWKDWWKH
PDMRUUHDFWLRQVZKLFKRFFXUUHGZHUH&2UHIRUPLQJDQGGHFRPSRVLWLRQUHDFWLRQVRIK\GURFDUERQV
DQGR[\JHQDWHGFRPSRXQGVYLD(T6LPLODUFKDQJHVRIWKHJDVFRPSRVLWLRQZHUHUHSRUWHG
EDVHGRQWKHZRUNRI%DUURVRHWDO>@WKDWWKH+FRQFHQWUDWLRQLQFUHDVHGZKLOHWKH&+DQG&
&FRQFHQWUDWLRQVGHFUHDVHGZLWKWKHLQFUHDVHRI1LFRQWHQWGXULQJWKHHWKDQROVWHDPUHIRUPLQJRQ
D1L=Q$OFDWDO\VWSUHSDUHGE\LQFLSLHQWZHWLPSUHJQDWLRQPHWKRG 
$FFRUGLQJWRWKHJDVFRPSRVLWLRQGDWDLQ7DEOHWKHKLJKHVWWRWDOJDVDQG+\LHOGVZHUH
REWDLQHGIURPWKHVWHDPUHIRUPLQJSURFHVVFDUULHGRXWZLWKWKH1L=Q$OFDWDO\VWWKHKLJKHVW
+&2UDWLRZDVREWDLQHGZLWK1L=Q$ODQG1L=Q$OFDWDO\VWVZKLOHWKHORZHVWWKH&2&2
UDWLRZDVREWDLQHGZLWKWKHXWLOL]DWLRQRI1L=Q$OFDWDO\VW 
7KHJDVFRPSRVLWLRQSHUIRUPDQFHRIELRPDVVFDWDO\WLFVWHDPJDVLILFDWLRQKDVDOVREHHQ
VWXGLHGE\RWKHUUHVHDUFKHUV>@$PRQJWKHDIRUHPHQWLRQHGUHSRUWVIRULQYHVWLJDWLQJ
WKHLQIOXHQFHRI1LORDGLQJRQJDVFRQFHQWUDWLRQVGXULQJVWHDPUHIRUPLQJRIK\GURFDUERQVLWZDV
IRXQGWKDW+ZDVLQFUHDVHGDQGFRQFHQWUDWLRQVRI&+DQG&&ZHUHUHGXFHG+RZHYHUFKDQJHV
RI&2DQG&2FRQFHQWUDWLRQVFRXOGEHGLIIHUHQWVLQFH&2DQG&2ZHUHSURGXFHGDQGFRQVXPHG
LQSDUDOOHOEDVHGRQ(T)RUH[DPSOH&RUXMRHWDO>@UHSRUWHGWKDW&2FRQFHQWUDWLRQ
ZDVLQFUHDVHGDQG&2FRQFHQWUDWLRQZDVGHFUHDVHGZLWKWKHLQFUHDVHRI1LORDGLQJIURPWR
ZWRI1L'RORPLWHFDWDO\VWVGXULQJWKHVWHDPJDVLILFDWLRQRIIRUHVWU\UHVLGXH:KLOHZHKDYH
UHSRUWHGGLIIHUHQWWUHQGVIRU&2DQG&2JDVHVIRXQGIURPWKHS\URO\VLVFDWDO\WLFVWHDPUHIRUPLQJ
VWHDPRIELRPDVVLQWKHSUHVHQFHRI1L0&0FDWDO\VWVZLWKD1LORDGLQJUDQJLQJIURPWR
ZW>@ZKLFKLVFRQVLVWHQWZLWKWKHSURPRWLRQRIWKHZDWHUJDVVKLIWUHDFWLRQ(T 
 
,QYHVWLJDWLRQRIFRNHGHSRVLWLRQRQWKHUHDFWHGFDWDO\VWV 
 
732DQDO\VLVZDVFDUULHGRXWRQWKHUHDFWHGFDWDO\VWVDQGWKHUHVXOWVDUHGHSLFWHGLQ)LJXUH
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YLDZHLJKWFKDQJHYHUVXVWHPSHUDWXUH7ZRR[LGDWLRQVWDJHVLQWKH732DQDO\VLVDUHVKRZQLQ
)LJXUHPHWDOSDUWLFOHR[LGDWLRQDQGFDUERQR[LGDWLRQ7KHSHDNVRILQFUHDVLQJPDVVIURPWR
&DQGDERYH&ZHUHDVVLJQHGWRWKHR[LGDWLRQRI1L=QDQGRWKHUUHGXFHGPHWDOVSHFLHV
GXULQJ WKH 732 DQDO\VLV7KH UHGXFHG PHWDO VSHFLHV DUH VXJJHVWHG WR EH SURGXFHG GXULQJ WKH
S\URO\VLV DQG JDVLILFDWLRQ SURFHVV ZKHUH WKH UHGXFWLRQ DJHQWV + DQG &2 ZHUH SUHVHQW DQG
WKHUHIRUHWKHIUHVKFDWDO\VWVGLGQRWQHHGWREHUHGXFHGEHIRUHJDVLILFDWLRQH[SHULPHQWV>@ 
7KHZHLJKWORVVEHIRUH&IRUWKH732DQDO\VLVPLJKWEHDVVLJQHGWRWKHR[LGDWLRQRI
DPRUSKRXVFDUERQV7KHR[LGDWLRQSHDNDWDKLJKHUWHPSHUDWXUHZKLFKVWDUWVIURPWR&
PLJKW EH DWWULEXWHG WR WKH R[LGDWLRQ RI FDUERQ GHSRVLWHG RQ WKH FDWDO\VW VXUIDFH SUREDEO\
ILODPHQWRXVFDUERQ>@7KHDPRXQWRIFRNHIRUPDWLRQRQWKHFDWDO\VWZDVREWDLQHGIURPWKH
ZHLJKWORVVRIFDWDO\VWGXULQJWKH732DQDO\VLVGLYLGHGE\WKHLQLWLDOVDPSOHZHLJKW,QDGGLWLRQ
LWVKRXOGEHQRWHGWKDWWKHZHLJKWLQFUHDVHLQ)LJXUHZDVDVFULEHGWRWKHR[LGDWLRQRIPHWDOOLF
VLWHV 1L ZKLFK ZDV SURGXFHG GXULQJ WKH UHDFWLRQ ,Q WKLV ZRUN WKH ZHLJKW LQFUHDVH ZDV QRW
LQFOXGHG IRU WKH FDOFXODWLRQ RI FRNH IRUPDWLRQ ,W LV GHPRQVWUDWHG IURP)LJXUH  WKDW WKH WRWDO
DPRXQWRIFRNHGHSRVLWLRQZDVZWRIWKHXVHG1L2=Q2$O2FDWDO\VWZLWKD1LPRODUUDWLR
RIZKLFKFDQEHFRQVLGHUHGDVQHJOLJLEOHLQGLFDWLQJWKDWFRNHUHVLVWDQWFDWDO\VWVKDYHEHHQ
REWDLQHGDIWHUDGGLQJ=QGXULQJWKHV\QWKHVLVLQWKLVZRUN&RUXMRHWDO>@UHSRUWHGPRUHWKDQ
ZWDPRXQWRIFRNHIRUPDWLRQRQD1LGRORPLWHFDWDO\VWIRUWKHVWHDPJDVLILFDWLRQRIIRUHVWU\
UHVLGXH DQG DQ HYHQ KLJKHU DPRXQW !ZW RI FRNH IRUPDWLRQ ZDV REWDLQHG RQ D UHDFWHG
1L$O2FDWDO\VWIRUWKHVWHDPJDVLILFDWLRQRIELRPDVVUHSRUWHGE\1LVKLNDZDHWDO>@ 
7KHSUHVHQFHRIDPRUSKRXVDQGILODPHQWRXVFDUERQV³ZKLVNHUV´RQWKHVXUIDFHRIWKH
UHDFWHGFDWDO\VWVZDVDOVRFRQILUPHGE\6(0DQDO\VLVVKRZQLQ)LJXUH+RZHYHUGXHWRWKH
ORZDPRXQWRIFDUERQGHSRVLWLRQWKHDSSHDUDQFHRIILODPHQWRXVFDUERQFDQQRWEHREVHUYHGFOHDUO\
LQWKH7(0DQDO\VLVLPDJHVKRZQLQ)LJXUH7KHILODPHQWRXVFDUERQVKDGDGLDPHWHURIEHWZHHQ
QPZKLFKLVEHOLHYHGWREHUHODWHGWRWKHPHWDOSDUWLFOHVL]H>@ 
$FFRUGLQJWRWKHFDWDO\VWFRNHGHSRVLWLRQGDWDOLVWHGLQ7DEOHZKHQWKH1LFRQWHQWLVLQ
WKH UDQJH IURPWR WKHDPRXQWRIFRNHGHSRVLWLRQ LV DSSUR[LPDWHO\ WKHVDPH)XUWKHU
LQFUHDVLQJ WKH 1L FRQWHQW WR  DQG  WKH FRNH GHSRVLWLRQ RQ WKH FDWDO\VW GHFOLQHG WR D
VLJQLILFDQWO\ORZOHYHOZW%DVHGRQWKHZRUNRI6XWWRQHWDO >@IRUD1LEDVHG$O2
FDWDO\VWVDSSOLHGWRWKHELRPDVVJDVLILFDWLRQSURFHVVGXHWKHDFLGLFFKDUDFWHURIWKH$O2VXSSRUW
DQGWKHHDV\VLQWHULQJSURSHUW\RI1LPHWDOZLWKWKHLQFUHDVHRI1LFRQWHQWWKHDPRXQWRIFRNH
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GHSRVLWLRQGLVSOD\HGDQLQFUHDVLQJWUHQG+RZHYHULQWKLVZRUNZLWKWKHDGGLWLRQRISURPRWHU=Q
WKHFRNHGHSRVLWLRQDSSHDUHGDVDGHFUHDVLQJWUHQGZLWKWKHLQFUHDVHRI1LFRQWHQWLQWKHFDWDO\VWV
7KLV LQGLFDWHG WKH DGGLWLRQ RI SURPRWHU PHWDO =Q KDV WKH DGYDQWDJH RI VXSSUHVVLQJ WKH FRNH
GHSRVLWLRQRQWKHFDWDO\VWZKLFKKHOSVLQFUHDVHWKHWKHUPDOVWDELOLW\DQGOLIHWLPHRIWKHFDWDO\VW 
 
&RQFOXVLRQV 
 
,Q WKLV ZRUN 1L2=Q2$O2 FDWDO\VWV ZLWK GLIIHUHQW 1L FRQWHQW DQG D FRQVWDQW =Q$O
PRODUUDWLRRISUHSDUHGE\DFRSUHFLSLWDWLRQPHWKRGKDYHEHHQLQYHVWLJDWHGIRUWKHSURGXFWLRQ
RIDK\GURJHQULFKV\QJDVIURPWKHWKHUPRFKHPLFDOFRQYHUVLRQRIELRPDVVLQWKHIRUPRIZRRG
VDZGXVW7KHSURFHVVLQYROYHGS\URO\VLVRIWKHELRPDVVIROORZHGE\FDWDO\WLFVWHDPUHIRUPLQJRI
WKHHYROYHGS\URO\VLVYRODWLOHVLQWKHSUHVHQFHRIWKH1L2=Q2$O2FDWDO\VWZLWKGLIIHUHQW1L
ORDGLQJV,WZDVIRXQGWKDWWKH1L2=Q2$O2FDWDO\VWVSUHSDUHGE\WKHFRSUHFLSLWDWLRQPHWKRG
KDGZHOOGLVSHUVHG1L2=Q$O2DQG1L$O2FU\VWDOSKDVHVZLWKDSDUWLFOHVL]HRIDSSUR[LPDWH
QP*DVSURGXFWLRQZDVLQFUHDVHGIURPWRZWDQGWKH+\LHOGZDVHQKDQFHGIURP
 WRPPROJZRRG VDZGXVWZLWK WKH LQFUHDVHRI 1LPRODU UDWLR IURP WR LQ WKH
SUHSDUHG FDWDO\VW 7KH HQKDQFHG K\GURJHQ SURGXFWLRQ ZLWK WKH LQFUHDVH RI 1L FRQWHQW ZDV
VXJJHVWHGWREHGXHWRWKHLQFUHDVHGQXPEHURIFDWDO\WLFVLWHVPDLQO\1LPHWDOEDVHGRQWKH;5'
DQG735DQDO\VLV:KLOHWKHSDUWLFOHVL]HRIPHWDOFU\VWDOVZDVQRWFKDQJHGVLJQLILFDQWO\ZLWKWKH
LQFUHDVHRI1LFRQWHQWGXHWR WKHSURPRWLQJHIIHFWRI=Q2,QDGGLWLRQZLWKWKHLQFUHDVHRI1L
FRQWHQWDQG WKHDGGLWLRQRI WKHSURPRWHUPHWDO=Q WKHFRNHGHSRVLWLRQGLVSOD\HGDGHFUHDVLQJ
WUHQG:KHQWKH1LFRQWHQWZDVLQFUHDVHGWRDQGWKHFRNHGHSRVLWLRQRQWKHXVHGFDWDO\VW
ZDVQHJOLJLEOHZW 
 
$FNQRZOHGJHPHQW 
 
7KLV ZRUN ZDV VXSSRUWHG E\ WKH ,QWHUQDWLRQDO ([FKDQJH 6FKHPH IURP WKH 5R\DO 6RFLHW\
,(8.DQGWKH)DFXOW\RI(QJLQHHULQJ	,7¶V(QHUJ\DQG0DWHULDOV&OXVWHU6FKHPHDQG
0&5IURPWKH8QLYHUVLW\RI6\GQH\ 
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Figure 7: TEM results of the reacted NiO-ZnO-Al2O3 catalysts with a Ni molar ratio of 15% 
 
 
 
 
